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Coupling PAF Signaling to Dynein
Regulation: Structure of LIS1 in
Complex with PAF-Acetylhydrolase
Progress in the study of neuronal migration has been
facilitated by the characterization of genetic develop-
mental disorders resulting in abnormalities in cerebral
cortex development. Among such disorders, type I lis-
sencephaly (smooth brain) is a genetic syndrome
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caused by sporadic inactivation of the LIS1 gene (Vallee1Department of Experimental Oncology
et al., 2001; Wynshaw-Boris and Gambello, 2001). Muta-European Institute of Oncology
tions in the LIS1 gene also play a role in the more com-Via Ripamonti 435
plex symptoms observed in the Miller-Dieker syndrome20141 Milan
(MDS), which involves genes neighboring LIS1 (Gleeson,Italy
2000; Wynshaw-Boris and Gambello, 2001).2 Department of Molecular Physiology
The product of the LIS1 gene is a member of theand Biological Physics
WD40-repeat family of proteins (Reiner et al., 1993),University of Virginia
which is characterized by the  propeller fold (Garcia-Charlottesville, Virginia 22908
Higuera et al., 1996; Smith et al., 1999). LIS1 is conserved3 Structural Genomics Consortium
in evolution, and one of its primary functions is the regu-University of Oxford
lation of the microtubule motor cytoplasmic dynein, aBotnar Research Centre
multiprotein complex involved in many different aspectsOxford OX3 7LD
of cell cycle and motility (Vallee et al., 2001; Wynshaw-United Kingdom
Boris and Gambello, 2001). Budding yeast LIS1 (known4 Department of Pathology
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and a regulator of dynein (Coquelle et al., 2002; FaulknerBoston, Massachusetts 02115
et al., 2000; Sasaki et al., 2000; Smith et al., 2000; Tai
et al., 2002). LIS1 binds dynein at two distinct sites
located within the N-terminal stem region and near theSummary
P loop element of the first AAA domain (Tai et al., 2002).
LIS1 also binds other proteins involved in the microtu-Mutations in the LIS1 gene cause lissencephaly, a hu-
bule network, including tubulin itself (Sapir et al., 1997),man neuronal migration disorder. LIS1 binds dynein
CLIP-170 (Coquelle et al., 2002; Tai et al., 2002), and theand the dynein-associated proteins Nde1 (formerly
Nde1 and Ndel1 proteins (Efimov and Morris, 2000; Fengknown as NudE), Ndel1 (formerly known as NUDEL),
et al., 2000; Kitagawa et al., 2000; Niethammer et al.,andCLIP-170, as well as the catalytic dimers of brain
2000; Sasaki et al., 2000; Smith et al., 2000). These inter-cytosolic platelet activating factor acetylhydrolase
actions suggest that lissencephaly may arise from an(PAF-AH). The mechanism coupling the two diverse
altered dynein function due to loss or diminishing levelsregulatory pathways remains unknown. We report the
of functional LIS1, which would therefore impair critical
structure of LIS1 in complex with the 2/2 PAF-AH aspects of neuronal migration (Vallee et al., 2001; Wyn-
homodimer. One LIS1 homodimer binds symmetrically
shaw-Boris and Gambello, 2001).
to one 2/2 homodimer via the highly conserved top In vertebrates, LIS1 is also engaged as a noncatalytic
faces of the LIS1  propellers. The same surface of subunit in a specific and stoichiometric interaction with
LIS1 contains sitesofmutations causing lissencephaly the brain cytosolic PAF-AH, made up by homo- or het-
and overlaps with a putative dynein binding surface. erodimers of closely homologous catalytic 1 and 2Ndel1 competes with the 2/2 homodimer for LIS1, subunits (Hattori et al., 1993, 1994) resembling the
but the interaction is complex and requires both the trimeric G protein  subunits (Ho et al., 1997). PAF-
N- and C-terminal domains of LIS1. Our data suggest AH hydrolyzes PAF, a lipid first messenger involved in
that the LIS1 molecule undergoes major conforma- inflammation and a variety of other physiological pro-
tional rearrangement when switching from a complex cesses and implicated in regulation of neuronal migra-
with the acetylhydrolase to the one with Ndel1. tion through both receptor-dependent and -indepen-
dent pathways (Arai et al., 2002; Prescott et al., 2000;
Introduction Tokuoka et al., 2003). LIS1 binds 1/1 and 2/2 homo-
and 1/2 heterodimers, and its interaction with the dif-
During brain embryogenesis, neuronal precursors lo- ferent dimers may be regulated during development,
cated in the ventricular zone exit the cell division cycle although the biological significance of this diversifica-
and migrate toward the cortical plate to give rise to the tion remains unclear (Arai et al., 2002).
typical layering of the cerebral cortex (Gupta et al., 2002). The molecular mechanism by which dynein regulation
and PAF-mediated signaling pathways are interlinked
remains unknown. Here, we report the crystal structure* Correspondence: andrea.musacchio@ifom-ieo-campus.it
of LIS1 in complex with the 2/2 PAF-AH homodimer5 Present address: MRC Cancer Cell Unit, Hutchison/MRC Research
Centre, Hills Road, Cambridge CB2 2XZ, United Kingdom. at 3.4 A˚ resolution. We discuss the LIS1 scaffold in
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Figure 1. Overall View of the LIS1/(2/2) Complex
(A) A scheme of LIS1, Ndel1, and 2 with their domain structure. LisH, LIS1 homology domain (Emes and Ponting, 2001); CC, coiled coil; WD,
WD40 repeat; P, phosphorylation sites (Niethammer et al., 2000; Sasaki et al., 2000); DB, dynein binding (Niethammer et al., 2000; Sasaki et
al., 2000; Tai et al., 2002). 2 is structurally related to -transducin (Ho et al., 1997), and its domain structure is reported as G-like.
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Table 1. Hydrodynamic Data of LIS1, 2, Ndel1, and Their Complexes, Determined by Analytical Ultracentrifugation
Analytical Ultracentrifugation
Protein s (20,w) (S) D (20,w) (F) Mw (SV) (kDa) Ms (SE) (kDa) MwT (kDa)
LIS1 3.31  0.05 3.79 79.7  4.0 83.4  4.5 46.638
2 2.54  0.04 5.42 44.0  2.5 43.2  2.5 25.492
2/LIS1 4.73  0.10 3.20 134.3  7.0 148.0  2.0 144.260
Ndel158-169 1.45  0.02 6.31 20.5  1.5 25.4  2.5 13.715
Ndel11-174 1.59  0.02 3.53 40.7  2.0 39.7  1.8 20.968
Ndel158-169/LIS1 4.20  0.10 3.47 108.0  5.0 140.0  5.0 120.701
Isothermal Titration Calorimetry
Sample bound to LIS1 N KA (1/M) KD (M) H (kCal/mole)
2 0.93 13.2 0.08 12.6
Ndel185-169 0.83 4.1 0.24 14.8
Ndel11-250 0.73 3.4 0.29 18.3
Experimental data were analyzed using a single-component model from sedimentation velocity experiments (SV) as well as sedimentation
equilibrium experiments (SE). Mw/T indicates the theoretical molecular weight of the monomer. Binding thermodynamics data of the LIS1/Ndel1
and LIS1/ subunit interactions determined by ITC. Calculated values were based on the interaction of stable LIS1 dimers with dimers of
Ndel1 and  subunits, respectively.
terms of its protein interaction potential and mutational been determined (Sheffield et al., 2001), we were able
to solve the structure of the complex by the molecularsusceptibility and demonstrate that Ndel1 and PAF-AH
are competitive LIS1 ligands. replacement method. Due to the ten-fold noncrystallo-
graphic symmetry (NCS), the resulting electron density
was of outstanding quality (Experimental ProceduresResults and Discussion
and Supplemental Figure S1 [http://www.neuron.org/
cgi/content/full/44/5/809/DC1/]) and allowed unambig-Overall View of the LIS1/(2/2) Complex
The domain structures of LIS1, PAF-AH, and Ndel1 are uous tracing of the  propeller domains of LIS1. The
overall view of the tetramer (Figure 1) shows a tightlyshown schematically in Figure 1A. To gain an insight
into the interactions of these proteins, we generated associated 2 homodimer (2A/2B, red and yellow, re-
spectively) embraced by the C-terminal  propellers ofrecombinant expression and purification strategies for
each of them (see Experimental Procedures). Hydrody- the two LIS1 protomers (LIS1A and LIS1B, cyan). The
LIS1A/2A and LIS1B/2B binding interfaces bury thenamic and thermodynamic analyses were carried out to
determine the stoichiometry of LIS1, PAF-AH, and largest surfaces, but there are also contacts between
LIS1B and 2A and LIS1A and 2B. The complex has aNdel1, as well as that of their complexes (Table 1). The
complexes of LIS1 with PAF-AH and Ndel1 are stable two-fold symmetry axis, consistent with earlier studies,
which indicated that LIS1 is a dimer (Garcia-Higuera(see below) and could be prepared in good yields for
crystallization. Crystallization attempts with the LIS1/ et al., 1996). However, in the crystal structure, the 
propellers are disconnected, because the N-terminalNdel1 complex yielded poorly diffracting crystals whose
improvement is underway. Crystals of the LIS1/(2/2) domain of LIS1 (N-LIS1), which is thought to mediate
dimerization (Kim et al., 2004; Tai et al., 2002), is notcomplex were also obtained that diffracted X-rays to a
resolution of 3.4 A˚ (Table 2 and Experimental Proce- seen in any of the five independent complexes in the
crystal’s asymmetric unit, although the presence of in-dures). Since the structure of the 2 PAF-AH chain has
(B) Ribbon diagram of the complex. LIS1A and LIS1B are blue, and 2A and 2B are red and yellow, respectively. A black ellipse marks the
position of a two-fold axis running along the viewing direction. N and C mark N and C termini of each monomer, respectively. The dimerization
domain linking the  propellers of LIS1 is invisible in the electron density. The displayed assembly is the only one in the AU to be compatible
with a monodisperse LIS1/2 tetramer (Table 1).
(C) The molecule has been rotated relative to the view in (A) by a 90 rotation around the marked axis.
(D) Human sequences for 1 and 2 were aligned to homologs from Xenopus laevis and Drosophila melanogaster. Blue and gray hexagons
mark contacts with LIS1 and the catalytic triad, respectively. The A and B letters under the blue hexagons indicate contacts of 2A with LIS1A
and LIS1B, respectively. Boxes in the alignment are color coded according to conservation. Regions invisible in the electron density are marked
by dotted lines.
(E) LIS1 alignment. Cyan boxes mark residues 75%–100% conserved in a larger alignment containing 12 LIS1 sequences: (Homo sapiens
[accession code 4557741], Cenorabditis elegans [17554220], Drosophila melanogaster [17137196], Aspergillus nidulans [3024219], Dyctiosty-
lium discoideum [24210418], Neurospora crassa [32406078], Magnaporthe grisea [38104844], Mus musculus [7305363], Xenopus laevis
[14132774], Gallus gallus [45383504], Danio rerio [41152231], and Saccharomyces cerevisiae [34765867]). Note that a few long loops of
Saccharomyces cerevisiae’s Pac1 have been omitted to improve clarity (see also Supplemental Figure S3 [http://www.neuron.org/cgi/content/
full/44/5/809/DC1/]). Secondary structure of N-LIS1 is based on its crystal structure (Kim et al., 2004). The  propeller starts with strand D7,
the outermost strand of the seventh blade, and proceeds with the four strands of blade 1 (A1–D1). Red or yellow hexagons mark LIS1A
residues contacting 2A and 2B, respectively, and blue hexagons mark strongly conserved residues (75%–100%) specifically located on the
top surface of the propeller. The positions of human missense mutations causing lissencephaly or a DLIS1 mutation are marked with a circle
containing the single-letter code of the residue introduced by the mutation.
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Table 2. Data Collection and Refinement Statistics
Data Collection
Beamlines ESRF ID29
Resolution (A˚) 3.4
Space group P21
Unit cell dimensions a, 205.8; b, 101.2; c, 246.1;
,, 90.00; , 98.1
Total observations 235,308
Unique reflections 133,189
Data completeness (%) 96.4 (96.4)a
Rsymb (%) 9.6 (31.9)a
Refinement
Resolution range (A˚) 20–3.4
Rconvc/Rfreed 0.263/0.307
Number of protein atoms 41,610
rmsd bond lengths (A˚) 0.015
rmsd bond angles () 1.679
Number of NCS groups 2 (LIS1 and 2)
Chains in each NCS group 10
TLS groups 20
a Values in parentheses in the right column refer to the outer resolu-
tion shell.
b Rsymm 	 
|I  I|/
I, where I is the observed intensity of a reflec-
tion and I is the average intensity obtained from multiple obser-
vations of symmetry-related reflections.
c Rconv 	 
||Fo|  |Fc||/
|Fo|, where Fo and Fc are the observed and
calculated structure factor amplitudes, respectively.
d Rfree is equivalent to Rconv for a 5% subset of reflections not used
in the refinement.
tact, full-length LIS1 protein was confirmed by SDS-
PAGE (data not shown). Using analytical ultracentrifuga-
tion, we confirmed that both 2 and LIS1 formed tight
dimers in solution and that their complex has the ex-
pected molecular weight for a 2:2 heterotetramer (Ta-
ble 1).
The LIS1 N-Terminal Domain and Its Function
in LIS1 Dimerization
Although the N-LIS1 domain is not visible in the complex,
its structure is known from an independent study (Kim
et al., 2004). As shown in Figures 1A and 1E, the N-LIS1
region consists of the dimerization LisH motif (residues
Figure 2. The Relationship between the N- and C-Terminal Domains5–34, Emes and Ponting, 2001), followed by a helical
of LIS1linker (residues 35–50) leading into a parallel coiled-coil
(A) The structure of N-LIS1 (Kim et al., 2004) consists of a LisH(residues 51–79, Figures 1E and 2A). The structure of
dimerization interface, followed by a helical linker and a parallel
the N-LIS1 domain shows that the parallel coiled-coil is coiled coil of the 4 helices, whose formation requires the introduc-
made possible by an unusual kink in one of the helices, tion of a kink.
(B) In the absence of kinks, the 4 helices would part at a 55 angle,located proximally to LisH and involving Thr56 and
as shown in this hypothetical structure.Ser57, which adopt strained secondary structure (Kim
(C and D) Binding of unliganded LIS1 to the 2 dimer might exerciseet al., 2004). In the absence of this distortion, the two
strain on the parallel coiled coil, causing its unzipping.
helices would pack at a 55 angle, forming the “open (E) A model for the interaction of the N-LIS1 with the PAF-AH struc-
scissor” structure shown in Figure 2B. The parallel coiled- ture. The reported distance is between the C atoms of residue 92
in the opposing LIS1 propellers.coil conformation, as observed in the N-LIS1 crystal struc-
ture, may correspond to the isolated LIS1 homodimer.
We argue, however, that this conformation is unlikely to coil (residue 79) shown in Figure 2A. Thus, we postulate
be present in our crystals, because the distance be- that binding to the 2 homodimer separates the two 
tween the first visible residues in the two  propellers propellers and forces the 4 helices to adopt the open
of LIS1 (residue 90) is 60 A˚, which could not be accom- scissor conformation, as shown in Figures 2C and 2D),
modated by two relaxed 10 residue segments of poly- driven by the energetic gain from new interactions at
the 2/ propeller interface (described below). This hy-peptide chain parting from the end of the parallel coiled-
Crystal Structure of PAF-AH Ib
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Figure 3. Comparison of LIS1/PAF-AH and
G
(A) Ribbon diagram of the G trimer based
on PDB coordinates 1GP2 (Wall et al., 1995).
G is yellow and is subdivided in the Ras-like
domain (light yellow) and in the helical domain
(dark yellow). G is cyan and G is green. The
G-G interaction involves the N-terminal he-
lix and the switch I and switch II regions of
G (red). The G subunit uses the top surface
of the  propeller, where the outer D strand
connects to the inner A strand of the next
blade to bind G. The top surface is preferen-
tially used for ligand recognition by propeller-
like structures (Smith et al., 1999).
(B) A LIS1/PAF-AH hemitetramer is shown.
The 2 subunit has the same orientation of
the G subunit shown in (A). The orientation
of the  subunits is unrelated, although also
in this case the top surface of the propeller
is used for binding.
pothesis is also consistent with the observation that the the F-2 loop, finds no structural equivalent in 2.
Switch II, on the other hand, corresponds very roughlycoiled-coil region is not required for the dimerization of
LIS1 (Tai et al., 2002), which in turn indicates that the to the last portion of the 5 helix and to the 5-3 loop
of PAF-AH 2, which however is not in contact withLIS-H domain is sufficient for dimerization (Kim et al.,
2004). This leads to the model in Figure 2E, in which the LIS1 in the LIS1/PAF-AH complex. Thus, although clear
elements of similarity exist between LIS1/PAF-AH andN-LIS1 domain has been joined to the LIS1/2 structure
through a flexible linker. Because the N-LIS1 region is the G trimer, these complexes are not amenable to
a straightforward direct comparison. The structural dif-disordered in our crystals, we assume that the N-LIS1
region and the 2/ propeller complex are not tightly ferences reported above translate into the fact that the
SCOP server (Hubbard et al., 1998) classifies G and 2tethered.
within a different fold family of / proteins: the P loop-
containing nucleoside triphosphate hydrolase family,Interaction of LIS1 with PAF-AH and Conservation
of the LIS1  Propeller and the flavodoxin-like family, respectively. Thus, our
studies suggest that the interaction of LIS1 with PAF-The  and  subunits of LIS1/PAF-AH are structurally
related to the G and G subunits of heterotrimeric G AH is unlikely to be regulated by active site ligands
analogously to the GDP-GTP cycle regulation of the G-proteins, respectively (Ho et al., 1997). This has led to the
proposition that LIS1/PAF-AH and heterotrimeric G pro- G interaction in trimeric G proteins. Indeed, we show
in Figure 6 that active site ligands of PAF-AH do notteins might share a similar quaternary structure (Ho et
al., 1997). The LIS1/PAF-AH crystal structure, however, seem to alter the ability of 2/2 to bind LIS1.
The LIS1 binding site on the 2 homodimer is distalclarifies that heterotrimeric G proteins and LIS1/PAF-AH
are structurally distinct (Figure 3). The two complexes to the active center (Figure 4A), which contains the cata-
lytic triads (S48, D193, and H196) of both monomers (Hodiffer in their quaternary structures, LIS1/PAF-AH being
a 2/2 tetramer and G being a trimer (Lambright et et al., 1997). Based on the strict similarity of the 2/2
interface to those of 1/1 homo- and 1/2 heterodimersal., 1996; Wall et al., 1995). Although both complexes
engage the top surface of the  subunit propeller (de- as determined in the absence of LIS1 (Ho et al., 1997;
Sheffield et al., 2001), we conclude that LIS1 binding isfined in the legend to Figure 3) to bind the  subunit,
the relative orientations of the  and  subunits in PAF- unlikely to introduce major structural changes in the
2/2 homodimer (Figure 4B). It should be noted, how-AH and G are distinct. In Figures 3A and 3B, the G
and 2 subunits have been superimposed to illustrate ever, that none of these structural studies addressed
possible structural changes that might occur withinthat their binding to the cognate  subunit is not amena-
ble to a direct comparison due to substantial structural PAF-AH and LIS1/PAF-AH in the presence of substrates.
Nevertheless, LIS1 doesn’t seem to be able to grosslydifferences between the  subunits. G uses its N-ter-
minal  helix, which protrudes away from its structural alter the catalytic activity of PAF-AH (Hattori et al., 1994;
Manya et al., 1999). Manya and collaborators (1999) re-core, to interact with the side surface of G (Figure 3A).
The switch I and the switch II regions, which constitute ported that LIS1 has no effects on the PAF acetylhy-
drolase activity of 1/1 homodimers and 1/2 hetero-the nucleotide-sensitive portion of the G binding sur-
face of G, are also required for binding. Upon nucleotide dimers, but that the activity of the 2/2 homodimer may
indeed increase up to 4-fold in the presence of LIS1.exchange from GDP to GTP, the conformational change
at the level of the switch regions promotes the release 2/2 activation, however, could only be detected in the
presence of largely superstoichiometric amounts of LIS1of G from its complex with the G moiety (Lambright
et al., 1996; Wall et al., 1995). relative to the 2/2 PAF-AH complex, while stoichiomet-
ric amounts of LIS1 did not produce a significant activa-There is no structural equivalent of the N-terminal
helix of G in PAF-AH 2. Also, switch I of G, comprising tion of 2/2 (Manya et al., 1999). Because LIS1 and 2/2
Neuron
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Figure 4. The Interaction of LIS1 with PAF-AH
(A) Surface representation of the LIS1/2 tetramer shows that the entry site to the catalytic cleft is distal to the LIS1 moieties. Images were
created with Ribbons (Carson, 1991) and Pymol (http://www.pymol.org/).
(B) The atomic coordinates of the 1/1, 1/2, and 2/2 dimers were superimposed, and their C traces are shown. There are no major
changes in the relative orientation of the  subunits in these dimers, suggesting that LIS1 does not impact significantly on the structure of
the 2/2 dimer.
(C and D) Close-up view of the binding interface between LIS1A and 2A, with the same color code used in Figure 1. Dotted lines represent
hydrogen bonds. (C) provides a deeper view through the binding interface from the same viewing direction as (B) and visualizes the interaction
of LIS1A and 2B.
(E) A footprint of the 2A (red) and 2B (yellow) on the top surface of LIS1A. The top surface is defined as the face in which the outer D strand
connects to the inner A strand of the next blade.
form a high-affinity complex (Table 1), most or all 2/2 both subunits of the 2/2 dimer. The interaction surface
involves positive-negative pairs such as those betweenis expected to bind Lis1, even at the low protein concen-
trations used in this study, and further investigations R238LIS1 and R316LIS1 with E392, and E128LIS1 with K382,
and also involves the aromatic side chains of W236LIS1,will be required to shed light on this issue.
Ten out of eleven residues involved in LIS1 binding W340LIS1, and F382LIS1 (Figures 4C and 4D). The footprint
left from 2 on LIS1 exclusively marks residues on thein each 2 protomer (marked by blue hexagons in Figure
1D) are conserved in 1, explaining why both proteins top surface of the LIS1 propeller (Figure 4E), which is
often identified as a critical site for protein interactionbind LIS1. These residues define a LIS1 binding signa-
ture, conserved in Xenopus laevis. Only five residues in in  propeller structures (Smith et al., 1999).
In order to characterize the interaction of LIS1 withthis signature are conserved in the catalytically inactive
Drosophila  subunit homolog, which doesn’t bind LIS1 PAF-AH in more detail, we analyzed the pattern of con-
servation of LIS1 residues on the  propeller. For this, we(Sheffield et al., 2000). Overall, 1563 A˚2 are buried in
each of the two 2/LIS1 interfaces (Figures 4C and 4D). aligned 12 LIS1 sequences from yeast to man (reported
in the legend to Figure 1E; the full alignment can be foundAs already explained, each LIS1 propeller interacts with
Crystal Structure of PAF-AH Ib
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Figure 5. Mutations and Conservation of the LIS1 Propeller
(A) Map of conserved LIS1 residues (cyan) on the LIS1 surface, viewed from the propeller’s top face. The displayed residues appear in at
least 75% of the LIS1 sequences defined in Figures 1E and Supplemental Figure S3 (http://www.neuron.org/cgi/content/full/44/5/809/DC1/).
Residues on the top surface are marked by blue hexagons in Figure 1E. Three patches on the side of the propeller are also identified. These
are not marked in Figure 1E.
(B) Conservation of the propeller’s bottom face is much less significant.
(C) Mutations causing lissencephaly have been mapped to the  propeller segment of LIS1, which is viewed from the top. Only nonsense and
missense point mutations, as well as short insertions and deletions, are displayed. Collections of lissencephaly-causing LIS1 mutations are
listed in Cardiff’s Human Gene Mutation Database (http://archive.uwcm.ac.uk/uwcm/mg/search/677430.html) and in the Online Mendelian
Inheritance in Man (OMIM) database (http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id	601545).
(D) The position of three LIS1 mutants described in the text is displayed as a blue patch on the top surface of LIS1. The contribution to this
surface of R238 is orange. The putative dynein binding and Ndel1 binding areas described in the text are masked on the surface.
in Supplemental Figure S3 [http://www.neuron.org/cgi/ that starts with one side of the  propeller (side patch
1, Figure 5A), runs across the entire diameter of the topcontent/full/44/5/809/DC1/]) and limited our analysis to
residues that are conserved in at least 75% of the face (involving R212, W236, R238, and R342, among
several other residues), and descends toward the oppo-aligned sequences. We concentrated our interest onto
residues located at the surface of the LIS1  propeller, site side with side patch 2 (Figure 5A). No equivalent
accumulation of conserved residues is observable onwhose conservation may reveal functional relevance.
The pattern of conservation of the surface of the LIS1 the bottom surface (Figure 5B). All loop insertions in the
LIS1 family, including the extended A5-B5, map to propeller is truly remarkable (Figure 5). A cluster of at
least 35 conserved residues defines a continuous strip this variable surface.
Neuron
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Figure 6. The Relationship between LIS1, Ndel1, and 2
Chromatograms of purified Alexa-Ndel158-169, LIS1, and 2, and their complexes generated as described in Experimental Procedures. Samples
were separated with a Superdex 200 column (Amersham). The traces in blue and red represent recordings at 280 and 495 nm, respectively.
For every panel in the series, the content of equivalent elution fractions (numbered 2 to 12) separated by SDS-PAGE and stained with
Crystal Structure of PAF-AH Ib
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Interestingly, most residues in the conserved strip de-
scribed above are also either fully conserved or conser-
vatively mutated in Saccharomyces cerevisiae. Because
dynein binding is an evolutionarily conserved feature of
LIS1, and LIS1 uses itspropeller domain to bind dynein
(Tai et al., 2002), our analysis strongly suggests that the
conserved surface patch of LIS1 is likely to be involved
in dynein binding.
Implications of LIS1 Conservation
for Ndel1 Binding
Another LIS1 ligand, Ndel1, is present in most LIS1-
containing species, but not in Saccharomyces cerevis-
iae, suggesting that the conserved LIS1 strip is unlikely
to be required for binding Ndel1. Consistent with this
hypothesis, mutation of R238 to alanine did not prevent
binding of LIS1 to Ndel1 in vitro, while it completely
abolished 2 binding (data not shown). A third highly
conserved patch (side patch 3, Figure 5A) is present onFigure 7. A Model for LIS1/Ndel1 and Its Interacton with Dynein
the side of the LIS1 propeller. Strikingly, none of theTo reconcile the two-fold symmetry of LIS1 with that of Ndel1, we
postulated that Ndel1 forms an antiparallel coiled coil. The 4 helices residues on this surface, with the only exception of D136
of N-LIS1 interact with Ndel1, and so does the  propeller region. and T150, are conserved in Saccharomyces cerevisiae,
The two  propellers of LIS1 bind dynein at distinct sites in the first while they are conserved in other fungi that contain
AAA module and in the stem (Tai et al., 2002). Because the dynein
Ndel1 orthologs, suggesting that side patch 3 may actheavy chain that contributes a sizable fraction of the stem is a dimer
as a binding site for Ndel1. This putative Ndel1 binding(Holzbaur and Vallee, 1994), the overall assembly may be duplicated
site partly overlaps with the 2 binding site, and we(represented by the gray, dashed drawing).
asked whether Ndel1 and 2 bound competitively to
LIS1. To assess this, we asked if the addition of varying
amounts of the 2 PAF-AH dimer to a preformed LIS1/Most disease-causing mutations consist of deletions
or nonsense point mutations resulting in a truncated Ndel1 complex would result in the dissociation of the
latter and the accumulation of a LIS1/2/2 complex.and therefore unstable LIS1 protein (Figure 5C). The few
missense mutations identified, including F31S, H149R, To analyze the competition reaction more accurately,
we covalently labeled Ndel158-169 with Alexa fluor-488 toG162S, S169P, R241P, H277P, and D317H (Cardoso et
al., 2000; Leventer et al., 2001; Lo Nigro et al., 1997; Pilz be able to track its fluorescence at 495 nm in size-
exclusion chromatography (SEC) experiments. For SECet al., 1999; Sicca et al., 2003; Torres et al., 2004), affect
buried positions and destabilize the propeller’s fold studies, we used a Superdex 200 PC 3.2/30 column with
a bed volume of 2.4 ml. SEC analysis of Alexa-Ndel158-169(Caspi et al., 2003). Two mutations, however, affect resi-
dues (H277 and D317) in close proximity to the con- in the absence of LIS1 revealed that the protein eluted
with a high apparent molecular weight (70 kDa, Figureserved LIS1 patch (Figure 4D), and so does the E128K
mutation that impairs the function of theDrosophila LIS1 6A), indistinguishably from the unlabeled protein (data
not shown). Analytical ultracentrifugation studies showed(Liu et al., 1999).
Comparing Figures 4E and 5A, it is immediately evi- that the Ndel1 segments binding LIS1 are tight elongated
dimers (Table 1), consistent with the prediction that thedent that there is a strong correlation between the 2
binding site revealed by our structural analysis and the N-terminal region of Ndel1 (residues 1–175) forms a
coiled coil. Thus, the high apparent molecular weight ofconserved LIS1 patch on the top surface of the  propel-
ler. Thus, most of the LIS1 residues identified as 2 Ndel1 is likely explained by its elongated structure (Table
1), which accelerates elution from a SEC column. Forligands are strongly conserved in the LIS1 orthologs.
The evolutionary pressure preserving the top of the LIS1 comparison, both LIS1 and PAF-AH, as well as the tetra-
meric LIS1/2/2 complex, eluted as expected for theirpropeller, however, is unlikely to be due to its interaction
with 2, as this appears to be limited to vertebrates (see theoretical molecular weights reported in Table 1, in
agreement with the approximately globular nature ofabove), and homologs of acetylhydrolase  chains are
absent from other organisms (e.g., fungi) in which the top these proteins (Figures 6B, 6C, and 6E).
To generate the LIS1/Ndel1 complex, Alexa-Ndel158-169surface of the LIS1 propeller is also highly conserved.
Coomassie brillian blue is presented. 2/2 is represented as red and yellow circles, Ndel1 as brown cylinders, and LIS1 as cyan circles and
cylinders. (A) Elution profile of Alexa-Ndel158-169. (B) Elution profile of LIS1. (C) Elution profile of 2/2. (D) Elution profile of the LIS1/Ndel1
complex. (E) Elution profile of LIS1/PAF-AH. (F) Elution profile of the products of the competition of LIS1/Ndel1 complex by 2/2 added in
a 2.5-fold excess. (G) As in (F), with a 14-fold excess of 2/2. (H) Elution profile of LIS1/PAF-AH in the presence of 100 M PAF. (I) Elution
profile of the products of the competition by a 14-fold excess of 2/2 of the LIS1/Ndel1 complex in the presence of 100 M PAF. (J) Elution
profile of LIS1/PAF-AH in the presence of 100 M CV-3988. (K) Elution profile of the products of the competition by a 14-fold excess of 2/2
of the LIS1/Ndel1 complex in the presence of 100 M CV-3988. (L) GST, GST-2, and GST-Ndel11-174 were incubated with full-length Flag-tagged
LIS1 or with Flag-tagged N-LIS1 expressed in HeLa cells. Bound species were separated by SDS-PAGE and analyzed by Western blotting.
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was mixed with LIS1 at stoichiometric concentrations. product of PAF-AH activity; Polonsky et al., 1980), and
CV-3988 (a PAF antagonist; Hayashi et al., 1985). AsAfter a 1 hr incubation, the resulting complex was ana-
lyzed by SEC. As shown in Figure 6D, the complex eluted with PAF, the three substances were used at a concen-
tration of 100 M, which based on previous results arewith an apparent molecular weight of at least 200 kDa
(the theoretical molecular weight being approximately expected to be sufficient to inhibit PAH-AH activity and
cerebellar granule cell migration (Adachi et al., 1997).120 kDa; see Table 1). Once again, we suggest that the
discrepancy between the theoretical and the observed All three compounds failed to produce significant
changes in the elution patterns of the LIS1/PAF-AH com-molecular weight is due to the elongated nature of Ndel1.
In separate analytical ultracentrifugation experiments, plex or on the ability of 2/2 to compete with Alexa-
Ndel1 for LIS1 binding (results with CV-3988 are shownwe determined that the LIS1/Ndel1 complex is a tetra-
mer, confirming that the elongated shape of the complex in Figures 6J and 6K, and those with carbamoyl-PAF and
lyso-PAF are shown in Supplemental Figure S2 [http://is likely the cause of the apparent shift in molecular
weight (Table 1). www.neuron.org/cgi/content/full/44/5/809/DC1/]). In
summary, our in vitro analysis does not provide a simpleTo test if PAF-AH competed with Ndel1 for LIS1 bind-
ing, we generated the LIS1/Alexa-Ndel1 complex, as explanation for the ability of PAF-AH inhibitors to inter-
fere with granule cell migration, and further studies willdescribed above, and incubated it with a 2.5-fold or a
14-fold excess of 2 for 1 hr. The products of this incuba- be required to establish if PAF-AH activity influences
LIS1 activity in living cells.tion were then analyzed by SEC (Figures 6F and 6G).
Distinct LIS1/2 and LIS1/Ndel1 peaks were observed The LIS1/Ndel1 complex is a tetramer and the interac-
tion has comparable strength relative to LIS1/2 (Tableconcomitantly with the release of free Ndel1, while we
did not detect formation of a ternary complex containing 1). In addition to full-length Ndel1, Ndel185-154, Ndel158-169,
and Ndel11-174 deletion mutants bound tightly to LIS1,LIS1, Ndel1, and 2. This result confirms our prediction
that 2 and Ndel1 are competitive LIS1 ligands. If our while Ndel11-84 did not bind (data not shown). In vitro,
both full-length LIS1 and the N-LIS1 segment (residuesidentification of the dynein binding region of LIS1 is
correct, we expect that LIS1 binding to2 is also compet- 1–92) bound Ndel1, but the N-LIS1 domain bound with
lower affinity in comparison with full-length LIS1 (Figureitive with dynein binding. In this respect, our studies
indicate a mechanism by which the interaction of LIS1 6L). This suggests that the  propellers of LIS1 provide
additional docking sites for Ndel1. We were not able,with the  subunits of PAF-AH may negatively regulate
the function of LIS1 as a modulator of dynein. however, to detect binding of the isolated LIS1  propel-
lers to Ndel1, possibly because the interaction is unsta-
ble in the absence of N-LIS (data not shown).Implications of PAF-AH Activity for LIS1 Binding
Threading algorithms (Jones, 1999) suggested anti-It has been reported that PAF analogs inhibiting PAF-
parallel coiled coil-containing segments such as thoseAH can suppress the migration of cerebellar granule
in apolipoprotein A-I, the C-terminal domain of PLC,cells (Adachi et al., 1997). To understand if this behavior
or -spectrin (PDB codes 1AV1, 1JAD, and 1CUN, re-could be due to a modulation of the interaction of PAF-
spectively) as the closest structural homologs of Ndel1AH with LIS1, we asked whether active site ligands of
(data not shown). On the basis of this information, wePAF-AH alter the ability of PAF-AH to interact with LIS1
speculate that Ndel1 forms an antiparallel coiled coilin vitro. In a first experiment, we asked whether the
that interacts with the N-LIS1 domain, orienting its two-PAF-AH substrate PAF (1-O-alkyl-2-acetyl-sn-glycero-
fold axis with the two-fold axis perpendicular to the3-phosphorylacoline) influenced the stability of the in-
coiled-coil axis of Ndel1 (Figure 7). Because both Ndel1teraction of LIS1 with PAF-AH, as assessed by the ability
and LIS1 are very tight dimers that do not break uponof the constituent subunits to remain associated in a
formation of the LIS1/Ndel1 complex (Table 1), thisSEC separation. LIS1 and the 2/2 dimers were mixed
model explains the 2:2 stoichiometry of the complex,in a buffer containing 100 M PAF, and after a 1 hr
which would be more difficult to explain if Ndel1 formedincubation the resulting mix was analyzed on a Superdex
a parallel coiled coil. According to this model, Ndel1200 column using equilibration and elution buffers also
may function as a molecular “ruler” that is required tocontaining 100 M PAF (Figure 6H). We did not observe
orient the LIS1  propeller domains for dynein binding.any significant deviation in the elution properties of LIS1/
The 4 helices in the N-LIS1 domain, which accordingPAF-AH after addition of PAF, indicating that the LIS1/
to our findings are implicated in LIS1 binding, might be2/2 tetramer retains its stability in the presence of a
oriented along the Ndel1 coiled coil, placing the twoPAF-AH substrate. We also tested whether the ability
WD40 domains at the appropriate distance for dyneinof the 2/2 dimer to displace Alexa-Ndel1 from LIS1
binding (Figure 7), consistent with the idea that LIS1was sensitive to the presence of 100 M PAF in the
binds dynein at two distinct sites in the motor and stemreaction, equilibration, and elution buffers of the SEC
domains (Tai et al., 2002). The C-terminal region of Ndel1experiment. Also in this case, we did not observe any
will increase the complexity of this model, as it containsdifference in the ability of 2/2 to displace Ndel1 from
a dynein binding domain and several CDK5 phosphory-LIS1 relative to the levels of competitions that were
lation sites that may be important for the modulation ofobserved in the absence of substrate (Figure 6I). These
the interaction of the LIS1/Ndel1 complex with dyneinresults indicate that, at least in vitro, the interaction of
(Niethammer et al., 2000; Sasaki et al., 2000).PAF-AH with LIS1 is unlikely to be modulated by the
catalytic activity of PAF-AH. To corroborate our conclu-
sions, we carried out an analogous set of experiments Conclusions
The crystal structure of LIS1 in complex with PAF-AHusing other PAF-AH ligands, including carbamoyl-PAF
(a PAF agonist; Banks et al., 1988), lyso-PAF (a reaction provides a new powerful tool to elucidate the function
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Ndel1 or 2/2 homodimer. The resulting complexes were furtherof LIS1 and its interactions. The LIS1 binding signature
purified using a Superdex 200 size-exclusion chromatography col-in the 1 and 2 subunits of PAF-AH can be exploited
umn, and the peak fractions were pooled and concentrated. Bothto design PAF-AH alleles impaired in LIS1 binding. The
LIS1/Ndel1 and LIS1/2 are tight complexes that do not significantly
 propeller scaffold revealed by our structural analysis, dissociate in the course of size-exclusion chromatography.
on the other hand, will allow the design of mutational
strategies to address the interaction of LIS1 with dynein, Crystallization, Data Collection, and Structure Determination
Ndel1, CLIP-170, and PAF-AH. An important conclusion Crystallization of the LIS1 complex with 2/2 homodimer was car-
ried out with the hanging drop method at 20C and a protein concen-from the present study is that LIS1 and its interacting
tration of 13 mg/ml. A volume of 4 l of protein solution was mixedpartners form dimers and that the complexes of LIS1
with 2 l of a reservoir buffer containing 16% PEG 8K, 0.2 M KSCN,with Ndel1 and PAF-AH are tetrameric (Table 1). The
Tris 0.1 M, pH 8.5. Crystals were cryoprotected with 15% PEG
quaternary organization of LIS1 and its binding partners 400. Data collection from different segments of a single crystal was
has far-reaching implications for how mutation might carried out at beamline ID29 at the European Synchroton Radiation
affect LIS1 function. In the simplest model, dimerization Facility (ESRF), Grenoble (see Table 2 for details). Data processing
was carried out with MOSFLM and SCALA programs from the CCP4of the binding partners doubles the binding energy rela-
suite (Collaborative Computational Project Number, 1994). Thetive to that in equivalent monovalent interactions. In the
structure was determined by molecular replacement. A searchspecific case of the LIS1/2/2 interaction, this might
model of the 2/2 homodimer was created by superposition of theexplain why monovalent LIS1 species (lacking the
2 chain to the 1 chain on the crystallographic model of the 1/2
N-LIS1 domain) are unable to interact strongly with PAF- heterodimer (Protein Data Bank ID code, 1FXW) and used as a
AH despite being structurally stable. Although the search model in program AmoRe (CCP4). This led to the identifica-
tion of five distinct solutions of the rotation function, correspondingN-LIS1 dimerization domain seems to be directly in-
to five 2/2 dimers in the asymmetric unit. With ten-fold noncrys-volved in the LIS1/Ndel1 interaction (Figure 6), the 4
tallographic symmetry (NCS) averaging and solvent flattening, clearhelix and the  propeller might provide additional con-
electron density for LIS1 became visible. A model of  transducin
tacts whose contribution to the stability of the complex, (Protein Data Bank code, 1GOT) was used as an initial guide for
once again, will depend on the dimerization of LIS1. In building a rough model of LIS1 in the electron density. Refinement
this respect, it is useful to bear in mind that the incorpo- of appropriate solvent flattening and averaging masks based on
this model returned very good electron density that allowed for theration of stable loss-of-function LIS1 mutants in dimeric
building of the LIS1 model. The model was refined with REFMACcomplexes with wild-type LIS1 might have more dra-
(CCP4) to conventional and free R factors of 0.26 and 0.307, respec-matic damaging effects than those caused by structur-
tively. Strict NCS was applied throughout refinement.
ally destabilizing mutations, which are likely to result in
the removal of the misfolded protein product. In the
Size-Exclusion Chromatography, Isothermal Titration
latter situation, less abundant but functional dimers Calorimetry, and Analytical Ultracentrifugation
might still form, while in the former situation, 75% of For the experiments in Figure 6, purified Ndel158-169 was labeled
the LIS1 dimers will contain at least one mutated allele with Alexa-488 (Pierce) according to the manufacture’s instructions.
Alexa-labeled and unlabeled proteins were in TBS buffer with 0.5and be dysfunctional. This might explain why most dis-
mM TCEP. All separations were carried out on a Superdex 200 PCease-causing mutations consist of deletions or non-
3.2/30 column (Amersham Biotech) on a SMART liquid chromatogra-sense point mutations, resulting in a truncated and,
phy system (Pharmacia). PAF-AH active site ligands PAF, lyso-PAF,
therefore unstable, LIS1 protein (Cardoso et al., 2000; carbamoyl-PAF, and CV-3988 (all purchased from Sigma) were dis-
Leventer et al., 2001; Lo Nigro et al., 1997; Pilz et al., solved in pure ethanol to a concentration of 4 mM and then diluted
1999; Sicca et al., 2003; Torres et al., 2004) or why mis- to 100 M in TBSED buffer (TBS 1X, 1 mM EDTA, 1 mM DTT). The
column was equilibrated in TBSED buffer also containing 100 Msense mutations destabilize the propeller’s fold, while
of those substances. Protein complexes were formed in the pres-only very few mutations identified in lissencephaly pa-
ence of a 100 M concentration of PAF, lyso-PAF, carbamoyl-PAF,tients affect what are likely to be key functional residues
or CV-3988 for variable times (10 min to 2 hr) without significant
on the highly conserved propeller’s top surface (see changes in the SEC elution patterns (Figure 6 and data not shown).
Figure 5). We suspect that the incorporation of such Isothermal titration calorimetry experiments were performed us-
mutant alleles in a dimer with the wild-type protein may ing a Cal VP-ITC (Microcal) instrument and the data were analyzed
using ORIGIN software provided with the instrument. Sedimentationhave a dominant-negative effect, resulting in more se-
velocity and equilibrium data were recorded using a Beckman XL-Ivere phenotypes relative to structurally unstable mu-
analytical ultracentrifuge. All data were measured in TBS buffer attants, whose rapid degradation would simply result in
8C. Sedimentation equilibrium data were measured using a six-
LIS1 haploinsufficiency. Studies to clarify this point are channel centerpiece at a rotor speed of 9000 rpm. Data used for the
in progress. analysis were recorded when no significant difference was observed
between scans taken 2 hr apart. The measured data were analyzed
using a single component model implemented in the Origin softwareExperimental Procedures
package provided with the instrument. The program SEDNTERP
was employed to calculate partial specific volume from the aminocDNA, Cloning, Expression, and Purification
acid composition and the buffer density. Sedimentation velocityPolymerase chain reaction fragments of human Ndel1 and the full-
data were collected at 45,000 rpm using a two-sector centerpiecelength 2 cDNAs were subcloned in the pGEX6P-1 expression vector
sample cell. Absorbance scans were measured at 1 min intervals.(Amersham) and expressed in E. coli strain BL21 (DE3). Mouse LIS1
Data were analyzed using the program DCTPLUS (Philo, 2000).cDNA was subcloned in pFAST-Bac-HTb (GIBCO/Life Technologies)
as a fusion to a hexahistidine tag (His tag). The protein was ex-
pressed in Spodoptera frugiperda (Sf9) cells. Ndel1 and 2 were Transfection and In Vitro Binding
Full-length LIS1 and N-LIS1 (residues 1–92) were subcloned intopurified by glutathione-affinity chromatography. The GST tag was
removed using Prescission protease, and the resulting proteins were pCDNA3.1c (Invitrogen) as a fusion to the FLAG tag. HeLa cells
were allowed to grow to 30%–40% confluence in 10 cm plates andfurther purified by size-exclusion chromatography using a Superdex
200 column. LIS1 was purified to near homogeneity in a single step transfected with 10 g of plasmid DNA and Lipofectamine. After 36
hr, cells were washed once with DPBS, resuspended in 1 ml DPBS,using Ni-NTA (Qiagen) and released from the His tag with the rTEV
protease. Purified LIS1 was mixed with equimolar amounts of either and sonicated. The lysates were cleared by centrifugation and their
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concentration adjusted to 0.2g/l. Lysates (200l) were incubated Geiser, J., Schott, E., Kingsbury, T., Cole, N., Totis, L., Bhattacha-
ryya, G., He, L., and Hoyt, M. (1997). Saccharomyces cerevisiaewith 10 g of purified GST, GST-2, and GST-Ndel1 bound to gluta-
thione beads (Amersham Biosciences). After 1 hr of incubation, genes required in the absence of the CIN8-encoded spindle motor
act in functionally diverse mitotic pathways. Mol. Biol. Cell 8, 1035–proteins bound to beads were washed three times with TBSED 2X
(TBS 2X, 2 mM EDTA, 2 mM DTT) before being resolved by SDS- 1050.
PAGE. A primary mouse anti-flag antibody was used for Western Gleeson, J.G. (2000). Classical lissencephaly and double cortex
blotting. (subcortical band heterotopia): LIS1 and doublecortin. Curr. Opin.
Neurol. 13, 121–125.
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